Lidocaine block of the cardiac sodium channel is believed to be primarily a function of channel state. For subthreshold potentials, block is limited to the inactivated state, whereas above threshold, block results from the combination of open-and inactivated-state block. Since, in the absence of drug, inactivation develops with time constants that vary from several hundred milliseconds to a few milliseconds as potential is varied from subthreshold to strongly depolarized levels, we would predict a similar voltage dependence of at least a fraction of block. Prior theoretical analyses from our laboratory suggest that there should be a direct parallel between blockade determined with a single pulse and trains of pulses. We tested these predictions by measuring the blockade of sodium current in cultured atrial myocytes during exposure to 80 /iM lidocaine. We selected two test potentials for most of our studies, -80 mV, which was clearly in the subthreshold range of potentials, and -2 0 mV, which was close to the peak of the current-voltage curve. With single pulses of increasing duration, block developed with a single exponential time course and with time constants that decreased from 694±117 msec at -80 mV to 373±54 msec at -20 mV. In the absence of drug, inactivation developed with a time constant 176±17 at -8 0 mV and 2.9±.5 msec at -2 0 mV. Despite the much slower onset of inactivation at -80 mV, no second-order delay in block development was observed. This suggests that at -8 0 mV block is occurring to a channel conformation that is accessed without delay rather than the classical inactivated state. We compared the kinetics of block during a single continuous pulse with trains of pulses at -20 mV. The rate of block onset was faster during the pulse trains, suggesting an element of "activated state" block. We computed shifts in apparent inactivation from observed steady-state blockade. The computed shifts agree well with those observed, indicating that shifts in apparent inactivation result largely from voltage-sensitive equilibrium blockade. The classical states described in the Hodgkin-Huxley formalism may be too restrictive to fully describe the voltage-and time-dependent block of cardiac sodium channels. Received Jury 11, 1988; accepted March 8, 1989. nels between rested, open, and inactivated states, it was natural to assume that block was dependent on channel state. Maximum upstroke velocity (V^,,) experiments have shown that prolongation of the plateau phase of the action potential enhanced blockade by lidocaine. 7 Drugs that shorten the plateau duration antagonize the blocking action of lidocaine. 8 Most sodium channels open very briefly and then undergo inactivation during the first few milliseconds of the action potential or pass directly into the inactivated state. All block was presumed to be inactivated-state block unless it occurred during the first few milliseconds. The inactivatedstate block developed slowly over a time frame of several hundred milliseconds. The low efficacy of lidocaine in atrial arrhythmias has been related to the brief duration of the atrial action potential,
L idocaine is believed to exert at least a part of its therapeutic effect by blockade of the transient inward sodium current (IN,). 1 -2
The kinetics and degree of blockade are strongly dependent on the rate and pattern of stimulation. Blockade is enhanced by depolarization and relieved by rest. 3 -6 Because depolarization cycles the chan-permitting little time for drug interaction with the high affinity inactivated state. 1 The negative shift of the inactivation curve has also been taken as evidence for high affinity for the inactivated state of the sodium channel. 6 ' 9 ' 10 The direct voltage clamp measurements of I Na have confirmed and extended the initial observations on V,^. Thus, Bean et al 11 showed that blockade of I Na by lidocaine in rabbit Purkinje fibers at 17° C required about 1-3 seconds to reach steady state. The experiments of Sanchez-Chapula et al 12 showed a similar slow time dependence. They also showed that block approached an asymptotic value at -10 mV as the level of the test potential was changed. From the magnitude of the lidocaineinduced shift in the apparent inactivation curve, Bean et al calculated A^s of 440 and 10 fiM for the binding of the drug to the resting and inactivated states of the sodium channels. They could find little evidence for open-state block.
The modulated receptor model accounted for the use-dependent block of sodium channels by postulating state-dependent binding of drugs to the sodium channel. 10 - 13 To satisfy microscopic reversibility, the apparent inactivation curve of drug-complexed channels was presumed to be shifted to more negative potentials. In general, calculated open-and inactivated-state affinities were several orders of magnitude greater than the rested-state affinity. In contrast, the guarded receptor hypothesis postulated fixed drug-receptor affinity but limited access to the receptor site.
14 - 16 The activation process was selected as an initial candidate for the guarding function. Channel blockade was modeled as requiring an open m gate, that is, channel passage through the open state. Apparent shifts in inactivation were presumed to result from a binding rate determined by the fraction of activated channels and/or the energy required to move a charged drug in the membrane field. Thus, the state of the channel appeared to be a crucial element in blockade development according to both models.
When some of the published data are examined in detail, there seem to be some inconsistencies between blockade and channel state. In the study of Sanchez-Chapula et al, 12 steady-state inactivation was zero at -50 mV (all channels inactivated) in the presence of 20 /iM lidocaine. Yet they could demonstrate a further increase of about 30% in the level of block as the test potential was decreased from -50 to +30 mV (data from their Figure 9 ). They did not find much evidence of open-state block. Bean et al 11 examined the rate of block development by 20 /iM lidocaine at -69 and +31 mV. Their Figure 9A suggests that block proceeded at about the same rate at both potentials. The former potential was subthreshold, whereas the latter was sufficiently depolarized to activate all the channels. 17 At equilibrium, there was little difference in the level of block between the two potentials despite differences in the initial distribution of channels between the open and the inactivated states. Using V^ measurements, Matsubara et al 7 could demonstrate no change in the rate of block development as the conditioning potential was varied between -40 and +40 mV.
Recent voltage-clamp experiments in cardiac muscle have demonstrated that in the subthreshold and threshold regions of membrane potential, inactivation proceeds at very different rates. In Purkinje fibers, the inactivation time constant is 90 msec at the subthreshold potentials of -100 mV and 1.8 msec at -20 mV. 18 In cat atrial myocytes, subthreshold inactivation developed with fast and slow time constants of 227 to 57 msec and 1,270 to 289 msec for potentials between -100 and -70 mV, respectively. 19 At +20 mV, the fast and slow time constants were 4 and 20 msec. On the basis of these very different rates of inactivation, one would predict different rates of blockade provided that passage into the inactivated state was rate limiting.
We have examined the rates of development of blockade of the sodium channel by lidocaine at subthreshold and suprathreshold potentials. These rates of development of block have been compared with the rates of development of inactivation at the same potentials. The results show that block may develop in the subthreshold range of membrane potential. This occurrence indicates that the open state was not necessary for block. The slower rate of onset of inactivation in the subthreshold range of membrane potential was paralleled by a slower rate of development of block. This suggests that block occurs in the inactivated state or in a channel conformation having similar voltage dependence.
We have also examined the rate of block development during pulse-train stimulation as the interstimulus interval was varied. The rate of development of block was directly related to the interstimulus interval. The level of steady-state block was also inversely related to interstimulus intervals. Binding affinities determined by continuous and pulse-train stimulation accurately predicted the shift in apparent inactivation and suggested little if any modification of gating kinetics in drug-complexed channels.
Materials and Methods

Cell Preparation
The experiments were performed on isolated rabbit atrial myocytes. The methods of heart isolation and perfusion by the Langendorff technique were similar to those previously described from our laboratory. 20 As far as possible, sterile technique was used, and all solutions were maintained at 37° C throughout the isolation procedure. All isolation steps involving the use of "Kraft Bruhe" solution were omitted. After 40 minutes of perfusion of the heart with enzyme-containing solution, the atria were excised and placed in a preheated petri dish containing gassed Ca 2+ -free KrebsHenseleit (K-H) solution with 10% fetal bovine serum, penicillin G 1 unit/ml, and streptomycin 0.5 unit/ml. The atria were minced into 2-4-mm segments. The segments were transferred to 5 ml serum free K-H medium containing 2.5 mg elastase (Sigma, St. Louis, Missouri). 21 They were then incubated in a water bath at 37° C for 15-30 minutes. A small aliquot was checked every 5 minutes to monitor the progress of the dissociation. For the final dissociation, the tissue segments in K-H medium were placed on an orbital shaker for 5 minutes. The isolated myocytes were separated from the undissociated segments by filtration. They were then plated onto 18x18-mm laminin-coated coverslips (4 fig lamininAvell) and placed in medium containing Dulbecco minimal essential medium (DMEM) and Hams F12 in a 1:1 ratio, 10% fetal bovine serum, 1 unit/ml penicillin, and 0.5 unit/ml streptomycin. The cell cultures were kept at 37° C in a humidified 5% enriched CO 2 atmosphere until ready for use. In culture, the rod-like atrial cells assumed a spherical shape after 24-48 hours. The cells were used after 2-5 days in culture.
Solutions
The K-H solution used in the cell isolation procedure had the following composition (mM): NaCl 118.2, CaCl 2 2.7, KC14.7, MgSO 4 7H 2 O 1.2, NaHCO 3 25, NaH 2 PO 4 1.2, and glucose 11. The solution was gassed with 95% O r 5% CO 2 . "Calcium free" K-H solution had no added calcium. The enzyme perfusate contained 180 units/ml collagenase (Worthington Biochemical, Freehold, New Jersey) and 10 mg/ 100 ml hyaluronidase (Sigma). DMEM and Hams F12 were obtained from GIBCO Scientific (Grand Island, New York).
For whole-cell recording, the micropipcttcs were filled with the following solution (mM): CsCl 60, CsF 60, MgCl 2 5, K 2 (ATP) 5, KH 2 PO 4 1, EGTA 5, glucose 5, and HEPES 5. The pH was adjusted to pH 7.3 with CsOH or HF. The external solution was prepared by mixing a 100% and 0% external sodium solution to give the desired external sodium concentration, usually 75 mM. The 100% sodium external solution had the following composition (mM): NaCl 150, MgCl 2 1, KC1 5, CaCl 2 1.5, glucose 5, and HEPES 5. The pH was adjusted to 7.4 with NaOH or HC1. For the 0% external sodium solution, CsCl replaced NaCl, and pH was adjusted to 7.4 with CsOH or HC1.
Recording Techniques
Micropipettes were pulled from 1. On the day of the studies, the serum-containing culture medium was replaced by serum-free medium. A coverslip containing cells was fixed to the base of a recording chamber. The latter was mounted on an inverted microscope (Nikon Diaphot, Nikon, Garden City, New York). The recording chamber and the perfusing solutions were kept at 15° C with a peltier-based system (TS-4 Thermal Microscope Stage, Sensortek, Clifton, New Jersey). Some of our initial studies were performed at 18° C. A gigaseal was obtained as outlined by Hamill et al. 22 After a seal of at least 1 Gfl was obtained, the capacity of the electrode and amplifier input was nulled, then the membrane patch was ruptured. The additional capacity transient was nulled, and the series resistance compensated simultaneously. We could compensate for 50-90% of the series resistance. A current-voltage (I-V) relation was performed by applying depolarizing voltage pulses of increasing amplitude from the holding potential (protocol detailed below). If any threshold phenomenon was observed in negative limb of the I-V curve, the experiment was abandoned. From the peak of the I-V, we estimated the voltage error resulting from uncompensated series resistance. We proceeded with the experiment if the voltage error was less than 3.5 mV.
Experimental Protocols
Throughout these experiments, the holding potential was fixed at -120 mV. This holding potential was sufficiently negative to remove resting inactivation in the absence of drugs. The I-V relation was first determined with 40-msec pulses of increasing amplitude applied at 1,500-msec intervals. The pulse amplitude was incremented in 5-mV steps from a potential of -110 to +80 mV. The steady-state inactivation curve was determined by the application of 1-sec prepulses to potentials from -160 to -40 mV. A test pulse of 10-msec duration to -20 mV followed. The potential was incremented 5 mV between each prepulse. We then performed one or more of the pulse protocols described below, followed by exposure to 80 ^,M lidocaine for 15 minutes. The protocols were then repeated. In some experiments, we attempted a washout.
Development of block with single pulses. The rate of development of block was determined by application of prepulses of increasing duration to a conditioning potential V p . In our initial experiments we used prepulse duration of 50 msec to 3 seconds. Prepulse duration was increased in 50-msec increments from 50 to 500 msec, in 100-msec increments from 500 to 1,000 msec, and in 200-msec increments thereafter to 3 seconds. In three experiments we also used an initial duration of 10 msec, which was increased to 50 msec in 10-msec increments. Another three experiments involved an initial prepulse of one msec, which was incremented by 1 msec to 10 msec and by 5 msec to 40 msec; 20-msec increments from 60 to 100 msec; 100 -msec increments from 200 to 400 msec; 200-msec increments from 600 to 1,500 msec; and 500 -msec increments from 2,000 to 3,000 msec. The conditioning prepulse was followed by a return to the holding potential for 500 msec, then a test pulse of 10-msec duration to -20 mV. 12 There was a recovery period of 10 seconds between the test pulse and the subsequent conditioning pulse. We selected two prepulse potentials for detailed study. One potential, -80 mV was clearly in the subthreshold range for channel activation; the other potential, -20 mV, was in the neighborhood of peak of the I-V curve. Additional experiments were also performed at conditioning potentials of -70 mV and -40 mV. We measured the rate of development of inactivation in the absence of drugs at -80, -70, -40, and -20 mV. At -80 mV, prepulses of 10-msec to 2-second duration were applied, followed immediately by a test pulse to -20 mV. The prepulse duration was increased in 10-msec increments for prepulse durations of 10-100 msec, in 20-msec increments for prepulse durations 100-200 msec, in 50-msec increments for prepulse durations 200-400 msec, and in 200 -msec increments for prepulse durations 400 msec-2 seconds. For inactivation measurements at -20 mV, prepulses of 1-20-msec duration were followed by test clamps to -60 mV, and the peak tails at -60 mV were used as a measure of sodium current availability. For prepulses of 1-10 msec, the increments in duration were 1 msec; for prepulses of 10-20 msec, increments in duration were 2 msec. An additional measure of inactivation at -20 mV placed prepulses of 1-30-msec duration to -20 mV, followed by test clamps to 0 mV; the peak current at 0 mV was used as a measure of sodium current availability. Prepulses were incremented by 1 msec from 1 to 10 msec and then in 5-msec increments to 30 msec.
Development of block with pulse train stimulation. We used a number of pulse stimulation protocols to examine block development in the subthreshold and threshold levels of membrane potential. We compared the level of block produced by a pulse train with a single pulse of the same overall duration. 7 The train consisted of fifteen 50-msec pulses with 100 msec between the pulses, followed by a recovery interval of 500 msec and a test to -20 mV. The block was compared with that developed during single pulses of 2.15 sec with the same test pulse paradigm. We investigated the contribution of stimulus duration on the development of block. We compared levels of block after 2-, 10-, 20-, and 50-msec pulses in trains of 30 pulses.
We analyzed the dependence of block development on membrane potential and stimulus frequency. To determine the dependence on membrane potential, trains of fifteen 50-msec pulses with an interpulse interval of 100 msec were followed by a recovery interval of 100 msec and a test to -20 mV. The voltage level during the pulse was increased from -85 to -40 mV. In the final series of experiments, we examined the effects of stimulus frequency on blockade. Trains of twenty-five 50-msec pulses were applied at interpulse intervals of 150, 250, 350, 450, 550, and 650 msec.
Data Analysis
Currents were filtered at 5 KHz with an 8-pole Bessel filter (model 902, LPF Frequency Devices, Haverhill, Massachusetts). They were digitized at 20 KHz and stored on a fixed disk drive. Current tails were digitized at 40 KHz. Peak values of current were measured with custom software written in " C " programming language. Exponentials were fitted to the data describing the development of block and inactivation using a Marquardt routine or the Gauss-Newton method. 23 We fitted one then two exponentials to the data set. From the residual error, we calculated an F statistic. We accepted the two-exponential fit if it provided a better fit with a significance of less than 0.05.
Results
Characteristics of the Sodium Current in Cultured Atrial Myocytes
We shall briefly outline the properties of the sodium currents measured in cultured atrial myocytes. Experiments were performed on spherical cells only. In 12 myocytes, cell capacitance average 28±6 pF. This value is 32% of that reported for ordinary atrial cells and 18% of that reported for cells of the crista terminalis.
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- 24 The cultured atrial cells are free of T tubules. 25 With the favorable cell size and shape and the use of low-resistance microelectrodes, a fast voltage clamp can be achieved with the capacitive transient lasting 50-150 ^tsec without series resistance compensation. We were able to compensate for 50-90% of the series resistance with further reduction of the duration of the transient. The threshold potential was -64±9 mV, and the I-V curve peaked at -35 ±7 mV. The mean peak current density was 0.125 nA/pF. This value is comparable with that observed in other atrial myocytes. 19 ' 24 The steady-state inactivation curve could be fitted with a Boltzmann function. Half maximal inactivation (V h ) was observed at -91±6 mV. This value is clearly more negative than in tissue preparations but is typical for isolated dialyzed cells at low temperature (e.g., Reference 26). We could not identify a true reversal of transient current. The measured current approached the voltage axis asymptotically. This is consistent with the lack of sodium ions in the pipette solution. Characteristics of the I-V and inactivation curves from a typical experiment are summarized in Figure 1 . The negative limb of the I-V curve spanned a 40-mV range. There was no crossover of current traces as the holding potential was varied during steady-state inactivation measurements. These characteristics suggest that good voltage control was achieved. Figure 2 illustrates the rate of development of block in response to a single pulse of increasing duration. In the absence of drug there was a slight decrease in peak current for -20-mV conditioning pulses beyond 2 seconds. 12 During exposure to 80 ju,M lidocaine, peak inward current declined as prepulse duration was increased. For a single exponential fit to the curve describing block at -80 mV, the mean square error was 0.0033 nA 2 . For the double exponential fit, the mean square error was 0.0032 nA 5 . This did not represent an improvement in fit (p>0.05). Further, the 95% confidence interval of one of the coefficients of the double exponential fit included zero. Therefore, we used a single exponential to describe the onset of block. The conclusions from the fitting procedure for the data at -20 mV were similar; one exponential provided an adequate fit. The time constants for the development of block, in this experiment, were 559 msec at -80 mV and 385 msec at -20 mV. The apparent steady-state level of block was 78 and 86% at -80 and -20 mV, respectively. In this experiment steady state inactivation was approximately zero at both -80 and -20 mV. Analysis of the data was approached with the following scheme (scheme 1) for blockade development during the prepulse: Jfc, denotes the first order rate constant for the transition between the indicated states. The slow development of block as prepulse duration increases is presumed to result from the initial passage of channels into the inactivated state followed by blockade by lidocaine. 7 When the rate of transition to the inactivated state is of the similar order of magnitude to the blocking process, block should develop as a double exponential (assuming that drug actually binds to the I state). In three experiments, we added five data points with prepulses of duration 10-50 msec, and in an additional three experiments, prepulses starting with a duration of 1 msec were performed in an attempt to identify an initial fast component of block if one indeed existed ( Figure 2B ). Single exponentials provided an adequate fit to the data in these experiments. We therefore conclude that block develops slowly with a single exponential time course. The differences in the zero intercept current level for the curves at -20 and -80 mV during lidocaine exposure suggest an element of activated-state blockade occurring at very early times. 7 This was confirmed with trains of 2-msec pulses, which are described later.
Development of Block With Single Pulses
We have summarized the results of all of these experiments in Table 1 . At a given potential, the rate of block was variable between preparations. However, in all preparations, block developed more rapidly at the more depolarized potential. In principle, this was the type of voltage dependence that would be predicted from scheme 1 above. However, even at depolarized potentials where the transition to the inactivated state is rapid, drug binding remains a slow process.
In order to gain more insight into the relation between the rate of development of inactivation and of block, the rate of development of inactivation was measured at -80 mV and at -20 mV. Figure 3 illustrates the results of one experiment. We used a standard two-pulse protocol for the -80 mV voltage level, and inactivation developed with a time constant of 176 msec. The rate of inactivation at -20 mV was determined from the peak of the tail currents after a step to 0 mV or on return to -60 mV. We chose -60 mV because the tails were slower at this potential compared with their time course at the holding potential of -120 mV. 19 The inactivation time constant declined to 2.9 msec at -20 mV. At both potentials, a single exponential provided an adequate fit. This is at variance with the results of Follmer et al, 19 who observed a double exponential in cat atrial myocytes. However, there is a difference in our protocol compared with theirs. We omitted the 3-msec return to the holding potential because our preliminary experiments indicated that some recovery from inactivation occurred during this period. The results of studies at all four potentials are summarized in Table IB where F., F u and F 2 are constant. In principle, block according to scheme 1 should develop as a double exponential.
Single channel analysis in neuronal preparations suggests that at markedly depolarized potentials, resting and open channels inactivate at similar rates. 27 Therefore at -20 raV the R and the O states can be treated as equivalent as far as their passage to the inactivated state is concerned. At -20 mV inactivation is essentially irreversible, that is, k.i=0. Applying this limiting value to equations 3-6, B(t)_ 20 = J F.+y (7) That is, block develops as a double exponential with rate constants given by the inactivation rate constant for -20 mV (&,) and a second blocking rate constant (k. 2 +k 2 D). At -20 mV, the mean inactivation rate constant in four experiments was 0.36/ msec. This is too fast a rate constant to resolve with realistic protocols in the presence of drug. Hence the single exponential time course of block measured experimentally is consistent with scheme 1.
In contrast to the case at -20 mV, the mean rate constant for the development of inactivation at -80 mV was 0.006/msec. The mean block rate constant at -80 mV was 0.0014/msec. Provided that the holding potential was negative enough to force most channels into the resting state, the slower inactivation at -80 mV should introduce a second-order delay in the development of block. The holding potential of -120 mV is enough to place most channels in the R state. Therefore F, and F 2 of Equation 6 should be nonzero. At a 95% level of confidence, we could not identify a second exponential component to the blocking process consistent with this delay. The experiments are consistent with one F~O.
Therefore, the experiments raise the possibility that block could be occurring in a simple voltagedependent manner derived from the voltagedependent channel conformation, but with the binding channel configuration having a similar voltage dependence to that of inactivation, for instance, a preinactivated state. Prior discussions of models of channel blockade already raised this possibility.
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(2) Block During Pulse-Train Stimulation
In principle, it could be the transition from the resting to the depolarized potential and/or the sojourn at the depolarized potential that could be important in the development of block. Indeed with quinidine, both V mM and voltage-clamp experiments suggest this to be the case. 29 - 30 We compared the block developed during a train of pulses with that occurring during a single long pulse. The results of one experiment are illustrated in Figure 4 . At all test potentials, substantially greater block developed during the single 2.15-second pulse compared with the train of 50-msec pulses. The block during the 2.15-second pulse was not strongly voltage dependent. Between -85 and -60mV, the block increased from 77 to 89%. Therefore, in the case of lidocaine, the time spent at the depolarized potential appears to be an important element in the development of block. This is consistent with the slow time course for the development of block that we have demonstrated in the previous section and as reported by others. 10 - 12 The marked voltage dependence of block development during the pulse train reflects differences in the kinetics of block during the pulse and recovery during the interpulse interval. Block develops faster at more depolarized potentials, so pulses to these potentials should lead to greater block. The recovery potential and recovery interval was the same for all pulses. The data in Figure 4 also demonstrates that over a range of subthreshold potentials substantial block develops. Open channels are not necessary for block development.
Block During Pulse Trains of Increasing Frequency
Frequency-dependent block of the sodium current during pulse-train stimulation has been analyzed for a simplified channel blockade model by Starmer and Grant 31 and Starmer et al. 32 If binding occurs predominately to a single class of binding site, a number of predictions follow directly from simple first-order binding kinetics. The rate of block development as measured by peak I Nn should follow a single exponential at each interstimulus interval. The rate constants for the development of block should be directly related to the interstimulus interval, and the steady-state level of block should be inversely related to the interstimulus interval. There is a direct parallel between the exponential block developing during a single continuous pulse and the piecewise exponential block developing during a train of pulses. 32 Prior tests of the scheme in cardiac muscle have been performed with indirect measures of available sodium current such as V,^. 33 Therefore, we studied the rates of development of block during trains of pulses to -20 mV at six different interstimulus intervals. Figure 5 shows a composite of the decline in sodium current at these interstimulus intervals. Quantitative analysis required that a steady-state level of block be attained during the pulse train at all test cycle lengths. After trials of pulse trains of 10, 15, and 20 pulses, we observed that about 20 pulses were required to reach steady state at some cycle lengths. Therefore, we used trains of 25 pulses. At each interstimulus interval, block development could be described by a single exponential. Block developed faster as the interstimulus interval grew longer. As shown in panel A of Figure 6 , there was a linear relation between the rate of development of block and the interstimulus interval. The steady-state level of block was also linearly related to a function of the interstimulus interval ( Figure 6B ).
The blocking effects during trains of pulses may be related to that during single pulses. The comparison may be useful, as in applied situations, where estimates based on pulse-train stimulation may facilitate obtaining binding parameters. To a first approximation, change in block during a cycle of the train can be viewed as consisting of net drug uptake during the pulse (duration (t,)=50 msec) with a rate constant At his is followed by partial recovery during the inter- 
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where r n is degree of block at the end of the nth pulse, /•" and r o are constants, and A* is the uptake rate during the train.
A* = A,t,+A r t r (9) A plot of A* against t r (150, 250, 350, 450, 550, and 650 msec for the pulse trains in Figure 6A ) has A^ as intercept and A r as slope. The blocking rate during the pulse, Aj, and the recovery rate constant at -1 2 0 mV can be obtained. For the experiment illustrated in Figure 6 A,=3.6/sec, and A r =0.41/sec (time constants of 0.277 and 2.4 seconds, respectively). The uptake rate determined with single pulses in the same cell was 2. Figure 6B ), a. and r, can be obtained. The equilibrium level of tonic block obtained from these calculations was 0.5% while the depolarized equilibrium was 92%.
We examined the issue of activated-state block by applying trains of 2-msec pulses at interpulse intervals of 150, 350, and 550 msec. As illustrated in Figure 7 , substantial frequency-dependent block develops with these very brief pulses. This sug- gests that a more complicated scheme is required to describe block during pulse trains. A rate constant A, describing block during an activated state (duration t a ) must be included. Equation 9 becomes:
A*=A,t,+A,ti+A,t, (11) Definition of each component requires a series of experiments in which two of the three time intervals are changed. We make the simplifying assumption that changes in pulse duration from 10 to 50 msec do not change the component of activated-state block. Then, as the recovery interval is varied, the uptake rate (A*) should remain a linear function of both the clamp interval (ti) and the recovery interval (tj). The relation can be visualized with two plots: one where tj is held constant and t, is varied and the other where t, is held constant and tj is varied. The slope of the first relation should give A, ( Figure 8A) . Similarly, as the clamp duration (t,.) is varied beyond 10 msec, A* should be a linear function of clamp duration with slope equal to uptake rate A|. The results in figure 8B show that this is approximately the case.
When channel blockade appears voltage dependent, then apparent channel inactivation, h*, as assessed by the two pulse protocols is obligated to shift in the hyperpolarizing direction. Since inactivation is measured in terms of available peak currents, then h"=h(l-b), where b is the apparent voltage sensitive fraction of blocked channels. We use the term voltage-sensitive block without inferring mechanisms. It could be due to an interaction between membrane field and drug charge or due to voltagesensitive channel conformation transition rates. The amount of shift in the midpoint of the inactivation curve for lidocaine binding described by: is given by 34 : AV=sxln(l+A:D/l), where s is the slope factor for normal inactivation as described in the Boltzmann equation (h=l/[l+exp(V-V h )/s]), JtD is the forward blocking rate, and U and B are unblocked and blocked channels, respectively. We retain the voltage dependence in the form (1-h) despite our earlier results suggesting that the blocked state and the inactivated state may not be identical. 1 is the reverse rate constant.
The data from Figures 5 and 6 and for the continuous uptake rate at -20 mV determined in the same cell yield values of JkD=2.08/sec and l=0.234/sec. For this experiment the control slope factor was 5.9. The AV calculated was 13.5 mV. For the frequency-dependent block with trains of stimuli, fcD=3.3/sec, l=0.29/sec, yielding a shift AV= 14.9 mV. The actual shift measured in this experiment was 16 mV. Thus voltage shifts determined from rates derived from the continuous block during a single pulse and those derived from pulse trains are similar and internally consistent with the observed shift in apparent inactivation.
Discussion
Measurement of the Sodium Current in Cultured Atrial Myocytes
We have studied the blocking action of lidocaine on the sodium current in cultured atrial myocytes. The cultured atrial myocyte proved to be a useful adult mammalian preparation to study the properties of the sodium current. It is not clear why the cells assume a spherical shape after 24 or more hours in culture. This change in morphology has been observed with other adult myocyte preparations. 35 The spherical shape was usually maintained for 5 or more days, unlike neonatal myocytes, which assume an elongated shape within 48 hours. Because of the small size of the cells, special procedures were not required to reduce the membrane area that had to be clamped (e.g., Reference The current traces were free of notches, no threshold phenomena were observed in negative limb of the I-V curve, and there was no crossover of current traces as the magnitude of the current was varied by changing the holding potential. In 90% of trials, we were able to obtain an adequate voltage clamp. This was achieved in a relatively high external sodium concentration of 75 mM. However, it was necessary to lower the temperature to 15° C to obtain consistent separation of the capacitive transient and inward sodium current. The 50-150-/isec duration of the capacitive transient without series resistance compensation compares very favorably with that obtained using two microelectrodes or a single suction electrode in larger cells. 12 The features of the sodium current were similar to those reported in other dialyzed cardiac cells (e.g., Reference 12). There was one important departure. Inactivation developed with a single exponential time course in both the subthreshold and threshold levels of membrane potential. Many studies report second-order development of inactivation.
-
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- 37 However, in some studies, the magnitude of the smaller component was as low as 2%. 37 We doubt that such small components can be identified with certainty. Ebihara et al 38 and Fujii et al 39 reported single exponentials for the development of inactivation in spherical aggregates or single cultured chick embryonic cells.
Block With Single Pulses
The major results of the study are that lidocaine blocks the sodium current in both the subthreshold and suprathreshold ranges of membrane potential with kinetics that are voltage dependent. The presence of block in the subthreshold range of membrane potential confirms earlier studies in frog node of Ranvier by Khodorov et al 40 and in cardiac muscle by Sanchez-Chapula et al 12 and Bean et al. 11 We are confident that the potential of -80 mV is subthreshold in these cells. We have recorded up to 200 depolarizing steps of 200-msec duration in cell-attached patches in these cells at -80 mV without observing a single event; these were readily apparent at -60 mV or less (authors' unpublished observations). These are the best data we have available; they show that there is indeed a subthreshold level of potential. However, these data do not provide absolute proof for such a potential range. We only wish to make the point that openings are rare at -80 mV, yet block is always observed at this potential with sufficiently long pulses during lidocaine exposure. The presence of subthreshold block is at variance with one of the assumptions used to explain lidocaine block by the guarded receptor model. 14 In this model, it was assumed that the activation parameter controlled access of drug to its receptor site. The effect of the membrane field on the blocking molecule and trapping of the drug by closing of the channel gate conferred further voltage dependence. These concepts require modification. To a first approximation, it appears as though a transition having voltage dependence similar to channel inactivation controls access of drug to a receptor site as block develops during prolonged pulses. 40 Indeed, it is not at all clear that the membrane gates as described in the HodgkinHuxley formalism control access of drug to its binding site or modulate binding of drug to its receptor.
An important result of this study relates to the kinetics of drug block during a single pulse. They are an extension of prior studies done using V^ or direct I N> measurements. 7 > n - 12 In the present study, we used a sufficient number of data points so that accurate estimates of the binding kinetics could be obtained. Blocking of the sodium channel is a slow process, with a time constant in the range of 350-900 msec. We were able to demonstrate two additional properties of the kinetics of block: 1) block developed with a single exponential time course, and 2) the kinetics of block were voltage dependent.
The assignment of one or two exponentials to a kinetic process is not trivial. Unfortunately, multiple exponential fits are often used without some test of significance. We used F statistics based on the sum of squared errors to estimate appropriate fits. At the level of 0.05, our data for block development were well fitted by a single exponential. As we have outlined in the results, a single exponential fit is generally not consistent with a binding scheme involving three sequential states. Estimates of what the faster exponential should be at -20 mV indicate that it could readily be missed by the protocol that we used. At -80 mV, the inactivation rate was about one third of the overall blocking rate. An exponential component of this rate should have been resolvable. Khodorov et al 40 fit their blocking data to a single exponential. The range of potentials extended from -113 to -37 mV. This covers potentials more negative than the current study. The onset of inactivation would be slower at these potentials, and a true delay should have been evident. They observed blocking time constants of 50-400 msec at room temperature. The data in Tables 1 and 5 of their study suggest that the blocking time constant approaches a limiting value above threshold. A limiting value for the blocking time constant would be consistent with a relatively rapid voltage-independent inactivation process above threshold and also voltage-independent blocking. In heart muscle, Sanchez-Chapula et al 12 reported the blocking action of 20 pM lidocaine during single pulses at -30 mV at room temperature. They found a mean blocking halftime of 115 msec (corresponding time constant 166 msec) in three experiments. Considering the differences in temperature at which the experiments were performed, this value is consistent with the values we observed. They also reported more strongly voltage-dependent block in the subthreshold range of potentials (compare their Figure 9B with our Figure 4) . We think that the difference relates to the duration of the pulse chosen to demonstrate block. The 500-msec pulse that they used was not sufficient to reach steady state at the potentials tested. We used pulses of 2.15 seconds.
The rate of development of block by lidocaine has been examined in two other cardiac preparations. In the study of Bean et al, 11 block developed at similar rates at -69 and +30 mV in the presence of lidocaine. Only when the pH was increased to 8.5 and the lidocaine concentration was increased to 200 ^M was more rapid onset of block noted at -40 mV compared with -60 mV. Actual kinetic parameters for the blocking process were not provided. Matsubara et al 7 used V^, measurements to determine the rate of development of block during exposure to 5-40 /JLM lidocaine. They showed that block developed "exponentially" but was voltage independent over a voltage range of -40 to +40 mV. Their experiments were performed at 37° C. The voltage independence of block that they observed is different from that reported here. Although a nonlinearity between V mM and available sodium conductance 41 g Na may account for the differences between our study and that of Matsubara et al, 7 this could not account for the apparent differences in the results of Bean et al. 11 The present study provides more detailed analysis of block development with the direct I N> measurements than previous studies in cardiac preparations. The single exponential time course of block development that we observed is more consistent with simple voltage dependence of block than the sequential scheme 1. Calculations of the two rate constants for the development of block would involve further assumptions about the voltage dependence of the rate constant k 2 D in Equation 7 . A scheme similar to 1, but having very rapid transitions into a bindable state at all voltages, could account for the results. This channel conformation would have voltage dependence similar to traditional inactivation. We recognize that any analysis such as the one we have done involves simplifications. For example, we have assumed a single blocking drug species. At pH 7.4, lidocaine exists in both the charged and the uncharged forms. However, in the subthreshold range of membrane potential, the available data are consistent with the uncharged form as the only blocking species in the subthreshold range of potentials. 13 Our observations could be extended by performing experiments with predominantly neutral or charged drug forms and extending the range of potential studies to those in which the inactivation process shows little voltage dependence.
The strongest evidence linking the development of block and the inactivated state are those experiments performed with inactivation removed. Cahalan 42 examined the blocking action of eight compounds in pronase-treated squid giant axons. Lidocaine was not studied. However, the structurally similar analogue etidocaine retained partial use-dependent block whereas the analogues QX314 lost their use-dependent effects. A brief communication by Zaborovskaya and Khodorov 43 suggests that lidocaine did not induce slow sodium channel inactivation following a chloramine-T treatment. However, supporting data were not presented. All the treatments used to remove sodium inactivation are fairly drastic and cause effects other than removal of inactivation, for example, a substantial fall in conductance. 44 -4 * The possibility certainly exists that these treatments may modify or abolish drug binding to a receptor that is not identical to the inactivated state.
Block During Pulse Train Stimulation
Our experiments show that much greater block develops during single prolonged pulses that form the envelope for a train of pulses. The train of pulses contain a 100-msec recovery interval between pulses. The voltage-time integral is therefore 35% of that during the single pulse. This suggests that time spent at the depolarized potential is a major factor for blockade development. These results differ from those of Matsubara et al. 7 They showed much greater decrease of V^ during trains of 5-msec pulses to +20 mV than with single pulses, provided the number of pulses in the train was less than about 35 (Figure V of Matsubara et al 7 ) . The experimental conditions are sufficiently different: temperature of 37° C versus 15° C, sodium concentration of 143 mM versus 75 mM, test potential of +20 versus less than -60 mV, and V^ versus I Nl measurement. Because of these experimental variations, little interpretation can be placed on the observed differences.
A preliminary result from their group using I Na measurements in voltage-clamped atrial myocytes suggests that the test voltage may be critical ( Figure  2 of Hondeghem 47 ). It would be of interest to see if the level of block produced by the two-pulse paradigms in Figure 4 converges at strongly depolarized potentials (~+20 mV).
We have examined the block produced by lidocaine during pulse-train stimulation as a function of the interval between pulses. The procedure is potentially very useful because theoretical analysis suggests that binding parameters of drugs to its receptor site may be so obtained. 33 The response to pulse-train stimulation may be readily applied to the in situ heart in experimental animals and in humans. For example, it is neither practical nor in some cases possible to use the long recovery periods required to measure recovery kinetics in the in situ heart. The decline of peak I N , during pulse-train stimulation was well fitted by a single exponential for interpulse intervals of 150-650 msec. These results are consistent with those of Bean et al, 11 who also observed a single exponential decline. The rate constant for the decline of I Nl was a linear function of the interpulse interval. This is consistent with a theory that assumes binding to one site. However, the blocking rate that we observed with pulse train stimulation was greater than that with a single prolonged pulse. This may be related to an element of activated state blockade at -20 mV. 47 Finally, sodium-channel availability measured in the presence of 80 /tM lidocaine h* was found shifted by 16 mV in the hyperpolarizing direction. Since availability is based on the peak current, then in the presence of drug, it reflects h, in the fraction of unblocked channels (1-b) , that is, h*=h(l-b). Since block exhibits an apparent voltage dependence, then h will not be scaled by the same amount at each voltage, resulting in an obligatory hyperpolarizing shift in midpoint. For the binding scheme 11 the obligating shift is:
AV=sxln(l+fcD/l) From the binding parameters obtained during the single pulse and the pulse train protocol, we calculated the shift in the apparent inactivation curve. The observed shift was 1-3 mV greater than the predicted shift. The time-dependent shift in the h. curve could account for the discrepancy. Thus, interpretation of shifts in channel availability must be done with care, after first adjusting for the shift expected from blockade.
In summary, we have observed block of cardiac sodium channels by lidocaine in both the subthreshold and threshold ranges of membrane potential. The final level of block is consistent with lidocaine binding to a channel conformation having similar voltage dependence to the inactivated state. However at subthreshold testing potentials where the development of inactivation is slow, we did not observe a second-order delay in the development of blockade. This suggests binding to a channel conformation having a similar voltage dependence to the inactivated state but having rapid voltagedependent equilibration.
